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Changes	 in	 species’	 trophic	niches	due	 to	habitat	degradation	can	affect	 intra-	and	
interspecific	competition,	with	implications	for	biodiversity	persistence.	Difficulties	of	
measuring	species’	 interactions	 in	 the	 field	 limit	our	comprehension	of	competition	
outcomes	along	disturbance	gradients.	Thus,	information	on	how	habitat	degradation	
can	 destabilize	 food	 webs	 is	 scarce,	 hindering	 predictions	 regarding	 responses	 of	
multispecies	systems	to	environmental	changes.	Seagrass	ecosystems	are	undergoing	
degradation.	We	 address	 effects	 of	 Posidonia oceanica	 coverage	 reduction	 on	 the	
trophic	organization	of	a	macroinvertebrate	community	in	the	Tyrrhenian	Sea	(Italy),	






less	 abundant	 species	 and	 (2)	 habitat	 carrying	 capacity.	 To	 explore	 effects	 of	 the	
spatial	scale	on	the	interactions,	we	considered	both	individual	locations	and	the	entire	
study	 area	 (“‘meadow	 scale”).	 We	 observed	 that	 community	 stability	 and	 habitat	
carrying	capacity	decreased	as	P. oceanica	 coverage	declined,	whereas	niche	width,	
similarity	 of	 resource	 use	 and	 interspecific	 competition	 strength	 between	 species	
increased.	Competition	was	stronger,	and	stability	lower,	at	the	meadow	scale	than	at	
the	location	scale.	Indirect	effects	of	competition	and	the	spatial	compartmentalization	
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&	 Levin,	 1975).	 Limited	 resource	 availability,	 often	 associated	 with	
degraded	 habitats,	 may	 enhance	 competition,	 leading	 to	 reduced	
equilibrium	 densities	 and	 the	 exclusion	 of	 subordinate	 competitors,	
even	 between	 flexible-	diet	 consumers	 which	 do	 not	 compete	 in	
undisturbed	environments	(Auer	&	Martin,	2013;	Boström-	Einarsson,	










Costantini,	 2015).	 Both	model	 and	 field	 studies	 have	 demonstrated	
foraging	 optimization	 in	 species	 assemblages	 and	 recovery	 patterns	
after	disturbance	in	food	webs	(Beckerman,	Petchey,	&	Warren,	2006;	
Calizza,	Costantini,	Rossi,	Carlino,	&	Rossi,	2012;	Kondoh,	2003;	Rossi	
et	al.,	 2015),	with	 less	 diverse	 and	more	 interconnected	 generalist-	
dominated	 communities	 associated	 with	 disturbed	 conditions	 and/
or	degraded	habitats	(Calizza	et	al.,	2012;	Calizza,	Costantini,	&	Rossi,	
2015;	Munday,	2004;	O’Gorman,	Fitche,	&	Crowe,	2012;	Valladares,	
Cagnolo,	 &	 Salvo,	 2012).	 In	 addition,	 intraspecific	 competition	 has	
been	shown	to	promote	trophic	generalism	within	populations	due	to	
differentiation	 in	 food	 use	 among	 conspecifics	 (Araújo,	 Langerhans,	








productive	 ecosystems	 experiencing	 decline	 due	 to	 global	 changes	
including	 temperature	 rise,	 species	 invasion,	 and	anthropogenic	dis-
turbance	 of	 coastal	 areas	 (Hemminga	 &	 Duarte,	 2000;	 Orth	 et	al.,	
2006).	Declining	biodiversity	 and	 secondary	productivity	 have	been	
reported	 in	 association	 with	 the	 declining	 habitat	 complexity	 and	
resource	 availability	 that	 accompanies	 reductions	 in	 seagrass	 cover-
age	(Calizza,	Costantini,	et	al.,	2013;	Hemminga	&	Duarte,	2000;	Orth	
et	al.,	2006).	Nevertheless,	the	ecological	mechanisms	underlying	this	
relationship	 are	 poorly	 understood.	 Understanding	 when	 and	 how	
habitat	 degradation	 affects	 biodiversity	 organization	 by	 modifying	
resources	at	the	base	of	the	food	web,	species’	trophic	niches,	and	the	
strength	of	interspecific	interactions	would	shed	light	on	the	mecha-
nisms	by	which	 climate-	 and	human-	induced	habitat	 changes	 affect	
biodiversity	persistence	in	these	high-	value	ecosystems.	By	analyzing	
C	 and	N	 stable	 isotopes	 as	 tracers	of	 the	 contribution	of	 resources	
to	 consumer	 diets	 (Bašić	 &	 Britton,	 2016;	 Bentivoglio	 et	al.,	 2015;	
Careddu	et	al.,	2015;	Rossi	et	al.,	2015;	Yao,	Huang,	Xie,	&	Xu,	2016),	
this	 study	addresses	 the	effect	of	Posidonia oceanica	 (L.)	Delile	hab-
itat	 degradation	on	 competition	 for	 food	 sources,	 carrying	 capacity,	
and	the	stability	of	a	benthic	invertebrate	community	associated	with	
P. oceanica	 litter.	 Stable	 isotopes	 have	 been	 shown	 to	 be	 useful	 for	
studying	nutrient	 inputs	 in	coastal	areas	and	the	diet	of	fauna	asso-












we	propose	 a	method	 to	obtain	 a	measure	of	 competition	 strength	
based	 on	 the	 comparison	 of	 intra-	 and	 interspecific	 isotopic	 popu-
lation	 similarity.	Bayesian	 isotopic	mixing	models	were	 also	 applied,	
in	order	 to	provide	a	 second	measure	of	 interaction	 strength	based	
on	the	proportional	contribution	of	resources	to	the	species’	diets	in	




effects	 of	 habitat	 degradation	 on	 competition	 strength	 and	 species	














trophic	 similarity,	 (2)	 greater	 interspecific	 competition	 strength,	 and	
(3)	lower	community	stability.	In	addition,	we	considered	the	indirect	
effects	of	competition	(Basset	&	Rossi,	1990;	Lawlor,	1979)	and	the	




2  | MATERIALS AND METHODS
2.1 | Study area
The	study	area	was	located	near	the	central	Tyrrhenian	coast	of	Italy,	






Water	 turbidity	 can	 increase	 during	 autumn-	winter,	 when	 rainfall	
peaks.	Within	this	area,	we	selected	the	meadow	characterized	by	the	
highest	conservation	status,	just	off	the	“Salt	marsh	Nature	Reserve”	







tions	 differing	 in	 the	 degree	 of	P. oceanica	 coverage.	 Coverage	was	
estimated	 in	 circular	 areas	 of	 60	m	 in	 diameter	 (2,826	m2	 surface	
area)	 by	 two	 scuba	 divers	 and	by	 photographic	 analysis.	 Each	 diver	
operated	 independently	 during	 a	 preliminary	 survey,	 providing	 two	
independent	 visual	 estimates	 per	 location.	 The	 degree	 of	 coverage	




(Kruskal–Wallis	 test	 and	 Mann–Whitney	 pairwise	 comparisons:	
Hc	=	9.85,	p	<	.01).	Locations	H	and	L	were	1,850	m	apart,	with	loca-
tion	I	being	positioned	half-	way	between	the	two.	Macroinvertebrates	
were	 sampled	 using	 litterbags	 (2-	cm	 mesh	 size)	 anchored	 to	 the	
meadow	bed,	each	containing	20-	g	dry	weight	of	P. oceanica	leaf	litter	
(Costantini,	Rossi,	Fazi,	&	Rossi,	2009).	Two	sampling	sites	per	location	
were	 chosen.	 Six	 litterbags	were	 placed	 randomly	 at	 each	 sampling	
site	 (making	a	 total	of	12	 litterbags	per	sampling	 location),	as	 far	as	
possible	 from	 the	 edge	 of	 the	 seagrass	 patch	 in	 order	 to	 represent	
environmental	 conditions	 characterizing	 P. oceanica	 patches	 across	





at	each	 location	 (Table	S1).	This	 study	 relies	on	census	and	 isotopic	
data	presented	 in	Calizza,	Costantini,	 et	al.	 (2013),	where	a	detailed	












Tukey’s	 test,	 p	<	.05),	 while	 the	 AFDM%	 of	 ultrafine	 sediment	 (the	
richest	fraction	for	organic	matter	content)	was	8.1	±	0.2%	in	H,	with	












We	 focused	 on	 the	 three	 most	 abundant	 species:	 Microdeutopus 
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observations	 for	each	population,	along	with	 the	 isotopic	 total	area	
(TA)	occupied	by	specimens.	Distribution	of	SEAc	values	obtained	for	
each	species	was	pairwise-	compared	between	locations	by	means	of	
Welch’s	 t-	test,	which	made	 it	 possible	 to	 account	 for	 unequal	 vari-







each	 sampling	 location.	The	mean	 intraspecific	 isotopic	 dissimilarity	
for	each	population	(MNDii)	was	then	obtained	as	the	mean	NDii	value	
of	all	specimens	in	that	population.	The	higher	the	MNDii,	the	higher	










at	 any	 given	 location,	 standardized	with	 respect	 to	 the	 centroid	 of	
resources	in	that	location	by	subtracting	the	resource	centroids	from	







fresh	(“Green”)	and	decomposed	(“Brown”)	P. oceanica	 leaf	 litter,	epi-













differences	 in	 specimens’	 isotopic	 signatures	 reflect	 differences	 in	
their	food	use	(Bašić	&	Britton,	2016;	Fry,	2006;	Jackson	et	al.,	2011;	
Layman,	 Qattrocchi,	 et	al.,	 2007;	 Rossi	 et	al.,	 2015;	 Sanders	 et	al.,	
2015;	Swanson	et	al.,	2015;	Yao	et	al.,	2016).
At	 the	 meadow	 scale,	 the	 proportional	 contribution	 of	 each	
resource	item	to	the	diet	of	each	target	species	(PXmeadow)	was	calcu-
lated	as	follows:	




It	 takes	 account	 of	 the	 spatial	 (i.e.,	 interlocation)	 variability	 of	 both	
species	density	and	resource	consumption	by	each	species	and	is	not	










2.4 | Competition strength and carrying capacity










each	 species	 pair,	 based	 on	mean	 individual	 isotopic	 distances.	
In	this	case,	competition	strength	 is	 indicated	by	αij,	 that	 is,	 the	
effect	of	species	j	on	species	i,	with	i	≠	j,	in	accordance	with	the	
formula:	






























2.5 | Indirect competition and species 
assemblage stability
The	stability	of	the	species	assemblage	(i.e.,	 the	 local	Lyapunov	sta-
bility)	was	 investigated	with	 reference	 to	 (1)	 the	 community	matrix	
































3.1 | Isotopic distribution, trophic niche, and 
competition strength
Although	TS	density	decreased	from	H	to	L,	 it	was	not	significantly	
affected	 by	 meadow	 degradation	 (Kruskal–Wallis	 test,	 M. obtusa-
tus:	 Hc	=	3.24	 p = .20; A. nitescens: Hc = 3.21 p = .20; C. truncata: 




in	 L	=	0.92).	Moving	 from	H	 to	 L,	 the	 isotopic	 distribution	 of	 each	
TS	varied	 (PERMANOVA,	p < .01)	 (Figure	1),	and	both	TA	and	SEAc	
increased	(Table	1).	As	neither	the	mean	nor	the	variance	(σ2)	of	δ13C	
















The	MNDii	differed	between	TSs,	but	 increased	 from	H	 to	L	 for	
all	of	them	(two-	way	ANOVA	and	post	hoc	comparison,	p < .05),	and	
was	 not	 related	 to	 their	 density	 (r2	=	.17,	 p = .18)	 (Table	1).	 At	 the	
meadow	scale,	MNDii	was	higher	than	that	of	H	and	I	but	was	similar	
to	that	of	L	(Kruskal–Wallis	and	Mann–Whitney	comparisons,	p < .05 
for	all	TSs).	Resource	use	varied	both	between	species	and	between	
meadow	 locations	 (Figure	2).	On	 average,	 trophic	 generalism	 in	 the	
use	of	 resources	was	higher	 for	C. truncata	 (Hs	=	1.48	±	0.10),	 inter-
mediate	for	M. obtusatus	 (Hs	=	0.90	±	0.15)	and	 lower	 in	A. nitescens 
(Hs	=	0.77	±	0.13).	Mean	diet	similarity	between	TS	pairs	was	lowest	
in	H	and	highest	in	I	and	L	and	at	the	meadow	scale	(Figure	2;	one-	way	
ANOVA	 for	 repeated-	measures	 and	 Tukey’s	 pairwise	 comparisons,	
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M. obtusatus,	 which	 weakened	 with	 falling	 P. oceanica	 coverage	
(Figure	3).	The	values	of	αij	and	βij	were	strongly	related	(Figure	3),	dis-
playing	 the	 same	pattern	of	variation	 in	 competition	 strength	 along	
the	meadow	coverage	gradient	(r2	=	.88,	p < .0001,	slope	=	0.91,	95%	
confidence	 interval	 on	 slope:	 0.71,	 1.10;	p	 slope	 equal	 to	 1	=	0.41;	
intercept	=	0.12,	95%	confidence	 interval	on	 intercept:	−0.02,	0.20).	
On	 average	 (i.e.,	 across	 locations),	 A. nitescens	 had	 the	 strongest	
(αij	=	0.84	±	0.10),	 M. obtusatus	 the	 intermediate	 (αij	=	0.78	±	0.14),	
and	C. truncata	 the	weakest	 (αij	=	0.59	±	0.10)	 competitive	effect	on	
the	two	remaining	TSs	 (Kruskal–Wallis	and	Mann–Whitney	pairwise	
comparisons,	p < .05).	The	mean	 strength	of	 competition	with	NTSs	
did	not	vary	with	meadow	degradation	 for	M. obtusatus,	whereas	 it	






Competition	between	M. obtusatus	 (M)	 and	A. nitescens	 (A)	was	
always	 asymmetrical,	 regardless	 of	 the	 degree	 of	 meadow	 cover-
age,	with	αMA	>	αAM	 in	H	and	I	 (t-	test,	p < .01),	and	the	opposite	 in	
L	 (t-	test,	p < .01).	 In	contrast,	competition	between	C. truncata	 and	
A. nitescens,	 and	 between	M. obtusatus	 and	C. truncata,	was	 asym-
metrical	only	in	H	and	I,	respectively,	with	C. truncata	being	the	sub-
ordinate	competitor	 in	both	cases	 (t-	test,	p < .01).	Higher	αij	values	
between	TS	pairs	were	reflected	 in	higher	overlaps	between	 isoto-
pic	TAs	(r2	=	.36,	p < .01),	but	not	in	higher	overlaps	between	SEAcs	













of	K	 for	M. obtusatus,	 32.5	±	4.2%	 for	A. nitescens,	 and	 17.2	±	1.8%	
for	C. truncata.	The	 limiting	effect	on	each	TS	of	 the	other	 two	TSs	
increased	 with	 its	 MNDii	 (r











































































































































































































































































































































































































































































































































































































































































































































































































Degradation	 of	P. oceanica	 meadow	was	 seen	 to	 have	 a	 significant	
effect	 on	 the	 isotopic	 niche	 width	 of	 macroinvertebrates	 and	 diet	
similarity	 between	 species.	 Both	 were	 higher	 in	 the	 low-	coverage	
meadow	 patches,	 with	 cascade	 effects	 on	 interspecific	 competi-
tion	 strength	 and	 species	 assemblage	 stability,	 despite	 the	 same	
F IGURE  1 C	and	N	isotopic	biplot	showing	the	isotopic	distribution	of	Microdeutopus obtusatus	(M. obt,	solid	line),	Atanas nitescens 
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number	 of	 total	 species	 being	 found	 at	 the	 intermediate-	 and	 low-	

























bags	 increased.	This	 is	 in	contrast	with	the	decreased	movement	of	
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changes	 in	 the	value	and	variance	of	consumers’	 isotopic	signatures	
are	mainly	dependent	on	changes	in	their	diet	and	niche	width	(Bašić	
&	Britton,	2016;	Fry,	2006;	Jackson	et	al.,	2011;	Layman,	Qattrocchi,	
et	al.,	 2007;	 Rossi	 et	al.,	 2015;	 Sanders	 et	al.,	 2015;	 Swanson	 et	al.,	




ance	 of	 resources	varied	 little	 or	 not	 at	 all	 between	 locations,	 con-
sidering	both	the	whole	set	of	resources	and	each	resource	item.	By	
contrast,	the	range	and	variance	of	consumer	populations’	δ13C	values	
increased	 greatly	with	P. oceanica	meadow	 degradation.	 In	 addition,	
the	increase	in	isotopic	niche	width	across	locations	differed	between	
target	 species,	 further	 supporting	 the	 hypothesis	 that	 changes	 in	
isotopic	 niche	metrics	were	 a	 direct	 consequence	 of	 the	 ecological	
response	of	 populations	 to	varying	P. oceanica	 coverage	 and	 associ-





It	 is	acknowledged	that	competition	for	 food	 is	 related	to	speci-
mens’	vagility	and	ability	to	explore	their	foraging	home	range	(Basset,	
1995;	 Corman,	 Mendel,	 Voigt,	 &	 Garthe,	 2015).	 Taking	 account	 of	
what	has	been	discussed	above	and	the	ability	of	isotopic	signatures	
to	provide	medium-	to	long-	term	information	on	the	resources	assim-








4.1 | Stable isotopes and competition strength
The	overlap	 in	resource	use	 (βij)	and	the	 isotopic	similarity	of	popu-
lations	based	on	intra-	and	interspecific	individual	isotopic	distances	






topic	 fractionation	occurring	between	 them.	While	 in	 the	computa-
tion	 of	αij,	 it	 is	 not	 possible	 to	 account	 for	 potential	 interindividual	
variability	 in	 isotopic	 fractionation	 for	each	population,	 such	poten-
tial	 variability	 should	 be	 considered	 similar	 across	 locations	 given	
the	spatial	scale	investigated,	and	thus	does	not	represent	an	obsta-
cle	 to	 the	comparison	of	populations’	 isotopic	data	across	 locations	
(Araújo	et	al.,	2007).	In	addition,	the	consistent	information	obtained	
by	means	of	Euclidean	distances	and	Bayesian	isotopic	mixing	models	












(A) Location αij mean
Leading eigenvalue
J J−1 ↓J−1 ↑J−1 J−1
r
H 0.61	±	0.10 −0.09 −1.01 −1.20 −0.81 −0.75	±	0.59a
I 0.69	±	0.07 −0.06 −0.96 −1.16 −0.77 0.68	±	0.77a
L 0.90	±	0.05 −0.01 −1.75 −2.10 −1.40 48.72	±	4.63b
Meadow 0.88	±	0.10 0.03 33.73 40.48 26.98
(B) Location βij mean
Leading eigenvalue
J J−1 ↓J−1 ↑J−1 J−1
r
H 0.50	±	0.12 −0.06 −27.25 −6.64 −1.52 −0.52	±	1.90a
I 0.71	±	0.08 −0.08 −5.25 −4.18 −1.12 1.36	±	1.39a
L 0.81	±	0.12 −0.02 −2.06 −1.65 −2.47 30.52	±	3.36b
Meadow 0.74	±	0.10 0.21 4.58 3.66 5.50












topic	 characterization	of	 potential	 food	 sources,	 nor	 does	 it	 require	
knowledge	of	the	proportional	contribution	of	each	food	item	to	the	
diet	of	each	consumer.	Indeed,	such	information	is	carried	within	the	





Notably,	 the	 use	 of	 αij	 makes	 it	 possible	 to	 infer	 competition	
strength	from	specimens’	isotopic	signatures	when:	(1)	not	all	poten-
tial	food	sources	are	known,	(2)	all	potential	food	sources	are	known	
but	 they	 are	missing	 from	 the	 dataset	 or	 cannot	 be	 sampled,	 such	
as	 resources	 obtained	 by	 consumers	 in	 deep	 or	 extreme	 habitats;	








4.2 | Posidonia oceanica habitat loss, niche 
overlap, and interspecific competition
Considering	the	three	most	abundant	species	in	the	invertebrate	com-
munity	(i.e.,	the	TSs),	the	proportional	overlap	between	their	isotopic	




which	 does	 not	 expect	 high	 overlap	 on	 the	 central	 part	 of	 a	 given	
resource	 axis	 under	 limiting	 conditions	 (Whittaker	 &	 Levin,	 1975).	
Asymmetric	 competition	 characterized	 five	 of	 nine	 target	 species–
pair	 interactions,	with	P. oceanica	coverage	reduction	even	inverting	
the	outcome	of	 competition	between	A. nitescens	 and	M. obtusatus. 
Real	 food	webs	 are	 expected	 to	 exhibit	 asymmetry	 in	 interspecific	
interactions,	 potentially	 stabilizing	 ecological	 communities	 (Rooney	
et	al.,	2006).	 In	 this	 case,	TS	 trophic-	functional	 traits	 (e.g.,	 intraspe-
cific	isotopic	similarity),	but	not	demographic	ones	(e.g.,	density),	were	
related	to	differences	 in	competition	strength	between	populations,	
representing	 a	 key	 aspect	 linking	 habitat	 degradation	 and	 species	

















4.3 | Competition, stability, and spatial scale of 
interactions
Competition	 between	 TSs	 was	 stronger	 when	 measured	 at	 the	
meadow	 scale	 than	 at	 the	 location	 scale,	 due	 to	 increased	 isotopic	




between	 competitors	 in	 home-	range	 harvesting	 behavior	 (Basset,	
1995;	Durrett	&	Levin,	1998).	At	 the	species	assemblage	 level,	 sta-
bility	decreased	in	the	 low-	coverage	 location,	due	to	stronger	mean	
competition	 and	 lower	 carrying	 capacity.	 These	 results	 imply	 that	
(1)	 habitat	 degradation	 lowered	 the	 species	 assemblage’s	 potential	
to	 “absorb”	environmental	 changes	without	destabilization	and	 that	
(2)	although	related	to	P. oceanica	coverage,	stability	was	 low	(i.e.,	λ 
was	negative	but	close	 to	0)	when	considering	 the	direct	outcomes	
of	competition	alone.	At	the	location	scale,	the	net	effect	of	compe-




































The	analyses	of	C	and	N	 isotopic	signatures	at	 the	 individual	 level	
and	 the	 consideration	of	 intra-	 and	 interspecific	 isotopic	 similarity	
made	 it	 possible	 to	measure	 competition	 strength	 and	 asymmetry	
between	 species	 pairs	 in	 real	multispecies	 communities.	 This	 pro-
vided	information	on	the	effect	of	seagrass	coverage	reduction	on	its	
carrying	capacity	with	regard	to	macroinvertebrate	populations	and	
the	 stability	 of	 the	 P. oceanica	 species	 assemblage,	 improving	 our	
understanding	of	mechanisms	that	contribute	to	biodiversity	decline	
following	 habitat	 degradation.	 Indeed,	 the	 functional	 response	 of	
populations	 along	 the	 disturbance	 gradient	 promoted	 interspecific	
competition,	 eroding	 community	 stability.	 Under	 these	 conditions,	
the	inclusion	of	additional	species	within	a	community	of	generalist	
populations	with	highly	 overlapping	niches	 is	 unlikely	 to	 be	 stable	
and	therefore	 is	not	expected	to	be	observed	(Borrelli	et	al.,	2015;	
May,	1974a).






isotopic	 niches	 and	 Euclidean	 distances,	 but	 are	 extendible	 to	 any	
given	set	of	ecological	niche	axes	for	which	specimens’	positions	and	
pairwise	 distances	 between	 potentially	 competing	 organisms	 can	
be	measured.	 Information	 on	 the	 strength	 of	 competition	 between	
populations	and	stability	at	the	community	level	will	provide	insights	
regarding	the	link	between	variations	in	the	organization	of	commu-
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